Objective. The purpose of this study was to enhance the weak echoes of low reflective vitreous opacities on ophthalmic sonography. Methods. A simulation study on a vitreous enhancement algorithm based on coded excitation was performed, with the analysis of the transmit efficiency and motion effects. On the basis of the simulation results, we have implemented a 10-MHz B-mode experimental sonographic platform with coded excitation. In the experimental platform, a field programmable gated array is used to apply a real-time signal-processing and imaging algorithm. Results. A highfrequency ophthalmic sonographic imaging system based on Golay complementary sequence coded excitation is presented. The images of human eyes show appreciable improvement of the contrast resolution of low reflective vitreous opacities while suppressing the noise level. Conclusions. The images show the effectiveness of the vitreous enhancement algorithm and its potential clinical application.
t has been more than 30 years since coded excitation, which is widely used in radar, was introduced into ultrasonic imaging, 1 but it has only been practically used in commercial sonographic scanners in the past several years. Since General Electric (Milwaukee, WI) first applied coded excitation in a B-flow system, a number of corporations, including Philips Medical Systems (Andover, MA) and Siemens Medical Solutions (Mountain View, CA), have presented commercial systems using coded excitation. 2 In conventional pulse-echo imaging, the duty cycle of the excitation pulse is very low (eg, 0.5 microsecond excitation over 300 microseconds pulse repeating interval in abdominal scanning). The average acoustic power is always less than 1% of the maximum allowed level, 3 therefore resulting in a low signal-noise ratio (SNR). To increase the average acoustic power while preserving an acceptable peak power, a coded excitation scheme is proposed. Compared with the traditional pulse excitation method, long coded sequences are transmitted in coded excitation, ejecting more energy, and the echo signals are also characterized with long pulses. On the basis of the pulse compression technique using matched filters or mismatched filters, the long coded signals are decod-ed, resulting in high-magnitude short-pulse signals and preserving almost the same axial resolution as seen in the traditional pulse excitation system. The SNR of echo signals can be improved by using the coded excitation technique, thus improving the image quality. It is predicted that a 15-to 20-dB gain in SNR can be obtained with coded excitation. 3 Golay complementary sequences [4] [5] [6] [7] [8] and Chirp [9] [10] [11] [12] [13] and Barker 14 codes are generally chosen in coded excitation.
For systems with multielement array transducers, problems of dynamic focusing degradation and grating lobe increases would weaken the performance of coded excitation, whereas they do not cause effects in systems with single-crystal transducers. Our study focuses on the application of coded excitation in ocular sonographic imaging with single-crystal sector scan probes. The goal of our study was to improve the system performance, especially contrast resolution, in ophthalmic imaging.
Normally, the vitreous body is lucent, represented by a dark area on sonographic images. As the eye ages, low reflective opacities will occur. Some ophthalmic disorders or vitreous hemorrhage will also result in opacities and produce weak echoes. Traditional pulse-echo sonographic systems fail to provide clear images of these opacities because the weak echo signals are submerged in noises because of a low SNR. Increasing system gain will make opacities brighter, but it cannot improve the SNR of images because the noises are amplified simultaneously. Coded excitation can boost the SNR of echo signals, thus increasing the contrast resolution of vitreous opacities and giving clear images of the vitreous body and retina.
The article is organized as follows. The next part describes a simulation study on the performance of a modulated Golay sequence and a contrast resolution enhancement algorithm based on coded excitation; the third part presents the hardware platform and the experiment results; and the final part includes a discussion and conclusions.
Simulation Analysis

Transmit Sequences
Because the bandwidth of the Golay sequence is substantially wider than that of the transducer, the transmit efficiency of direct Golay sequence transmitting remains low. To overcome this problem, the application of a base sequence modulated Golay sequence is carried out. [5] [6] [7] [8] Simulation shows that using modulated Golay sequences will greatly increase the transmit efficiency of Golay coded excitation 5 and will also compensate effects of tissue motion, attenuation, and nonlinear propagation. 9, 15 As for Golay sequences, some parameters are defined here: code length N of the original Golay sequence, pulse width T ∆ of a single code, and the total time duration of the code sequence Tγ = N * T ∆ . In Figure 1 , the original sequence of length N = 4, 2 types of base sequences and their corresponding modulated code sequences are shown.
Transmit Efficiency
In Figure 2 , transmit efficiencies of the 3 code sequences are analyzed. Transmit efficiency is defined as the output energy of the transducer divided by the energy of the excitation sequence. Because it is the relative transmit efficiency between each situation, not the absolute value of efficiency itself, that is meaningful, the transmit efficiency is presented in decibels, and the highest point among 3 curves is normalized to 0 dB. The x-axis in Figure 2 represents the pulse width, T ∆ . A 10-MHz center frequency and 90% bandwidth transducer with a gaussian enveloped impulse response is assumed in the simulation. The code length of the Golay sequence is chosen to be N = 32. It can be found in Figure 2 that the highest transmit efficiency of modulated Golay sequence transmitting is 2.34 dB higher than that of direct Golay sequence transmitting, whereas there is only a small difference between the 2 types of base sequences. For a base sequence modulated Golay sequence, it can be seen that the optimal pulse width corresponding to the highest transmit efficiency is close to the period related to the transducer's center frequency, although they are not exactly the same. In the simulation, it is shown that the optimal pulse widths of 2 types of base sequences are 90 and 120 nanoseconds, respectively. But for direct Golay sequence excitation, the best pulse width is T ∆ = 35 nanoseconds.
It can also be seen from Figure 2 that the transmit efficiency remains high when the pulse width is close to the optimal pulse width. For the convenience of hardware implementation, the integral times of the system clock cycle were selected as the pulse width in the coded system. Only 2 types of 1-cycle base sequences are simulated in this study. Longer base sequences may result in higher transmit efficiency, but they have the problem of lower axial resolution. Base sequences longer than 1 cycle were not considered.
Tissue Motion Effects
Ideally, Golay sequence coded excitation produces no range side lobe. In practice, tissue motion will cause degradation of performance in Golay coded excitation. The range side lobe level increase caused by axial motion is simulated in a previous study. 
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In Figure 3 , the range side lobe level is calculated as the ratio of peak side lobe amplitude to peak main lobe amplitude. It can be seen in Figure 3 that range side lobe levels of excitations with all 3 types of sequences increase rapidly when the axial velocity of tissue motion increases. Modulated Golay sequences are less sensitive to tissue motion when the axial velocity is less than 1 cm/s. When velocity increases, side lobe levels in all 3 cases become close to each other. Considering that there are no fast-moving tissues in ocular imaging, Golay complementary sequences should be applicable in ocular imaging systems.
To summarize, the modulated Golay sequence transmitting is better than direct Golay sequence transmitting, and there are only minor differences between the 2 kinds of base sequences. In our experiment, we used Golay coded modulated by the first base sequence.
Signal-Noise Ratio Gain and Contrast Resolution Enhancement
For a Golay complementary sequence of length N, the SNR gain can be expressed as follows 16 : SNR gain = 10log(2N). For N = 32, SNR gain ≈ 18 dB. In practice, the SNR gain cannot reach the theoretical value, but an improvement of more than 10 dB can be expected. 5 We can suppress the noise level while preserving the amplitude of a signal or increase the amplitude of weak signals while preserving the noise level, resulting in the same SNR gain. For a Golay sequence of N = 32, the amplitude of the echo signal will be amplified by 2 * N = 64 times through pulse compression; that is, a 10-bit analog/digital (A/D) digitized signal will become 16 bits. Meanwhile, the energy of noise will be amplified by M = 2 * N = 64 times, so the amplitude of noise enlarges by √M = 8 times, that is, a 3-bit increase. As such, if we take the top 10 bits in the resulting 16-bit data after pulse compression and keep 10 bits of data flow through subsequent processing (demodulation and log compression), we will get the results with a much lower noise level. Also, we may use more bits of the data (eg, take the top 11-13 bits of data after pulse compression), which will increase the brightness of low reflective targets while still preserving a lower noise level than pulse-echo imaging, hence improving contrast resolution. In ophthalmic applications, this processing will help us detect tiny opacities and hemorrhages in the vitreous body, so we call it vitreous enhancement.
Simulation of the above-mentioned vitreous enhancement algorithm is made by Field II Figure 1 ) as a function of pulse width . The x-axis is the pulse width, and the y-axis is the transmit efficiency. vals, and the intensity of the echo signal from each target is 6 dB lowered from left to right. We assume use of a 10-bit A/D converter in the echo data sampling. The simulation results are shown in Figure 4 . Figure 4 , A and B, are images produced by pulse excitation, Figure 4 , C and D are those by coded excitation. Gaussian noises are applied to the received radio frequency (RF) signals in Figure 4 , B and D, and the noise level is -40 dB compared with the peak echo signal. The amplitude of the pulse compression result is taken as 12 bits in the coded excitation situation. In Figure 4A , 4 targets can be detected, whereas the weakest one is invisible, and only 3 targets can be seen clearly in the noise background ( Figure 4B ). For coded excitation images, all 5 targets can be seen clearly even in the noise background.
The contrast resolution enhancement algorithm enables us to see targets that are previously invisible or submerged by the noise background in the pulse excitation system, so it will benefit clinical diagnosis considerably.
Apparatus and Experimental Results
The experimental platform for a single-crystal sector scan ophthalmic sonographic scanner is implemented. Figure 5 presents details of the system. The probe used is a single-crystal magnetic driven sector scan transducer with a 10-MHz center frequency, 90% bandwidth, and a fixed focus of 20 mm. The transmit circuit can provide biphase excitation sequences; excitation voltage can be adjusted by the power supply. The system clock frequency is 40 MHz. A Xilinx field programmable gated array (FPGA; Xilinx, Inc, San Jose, CA) is the core in the system. The FPGA sends out the coded sequences and receives the RF echo signals through a 10-bit A/D converter. The sampling rate is set to 40 MHz. Real-time processing of RF signals is performed in the FPGA, including pulse compression, demodulation, log compression, and digital scan conversion. The video signals can be sent to a personal computer through a universal serial bus 2.0 interface as well as displayed directly on a monitor. The work frequency of FPGA is 40 MHz.
An N = 32 Golay code pair is used in the experiment. Because the pulse width of a single code should be integral times of the system clock cycle, we choose T ∆ = 100 nanoseconds, which is close to the best pulse width. The total time duration of code sequence is Tγ = 3.2 microseconds. A digitized echo signal is processed through pulse compression, demodulation, log compression, 18 and digital scan conversion.
Because long pulses are transmitted in coded excitation, the axial resolution is an important factor in judging the applicability of coded excitation. The resolution is examined by phantom imaging. Figure 6 shows the images of a wire phantom. Figure 6A is an image by coded excitation, and Figure 6B is image by pulse excitation. Both images are of a target group at 3 cm depth, which is used to examine the axial resolution. Comparing the coded excitation image with the pulse excitation image, it is shown that all targets can be differentiated clearly; no degradation in the spatial resolution appears. Figure 7 shows the images of human eyes taken from 3 volunteers (2 male and 1 female). Figure  7 , A-C, are coded excitation images, 1 image 
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from each volunteer, and Figure 7D is a sample image by traditional pulse excitation from the first volunteer. In the case of pulse excitation, only high reflective opacities can be seen; the low reflective opacities are immersed in noise background. In coded excitation images, however, the targets are shown clearly, even for tiny opacities. The noise in coded excitation images is by far lower than that in pulse excitation images; thus, the contrast resolution of vitreous bodies in coded excitation images is considerably improved.
Discussion
In the design of a good coded excitation imaging system, several important factors should be considered.
Code Selection
Coded excitation using Golay complementary series has advantages of perfect range side lobe cancellation and ease of hardware implementation. However, there are disadvantages as well. Compared with Chirp or Barker coded excitation, Golay coded excitation has weaknesses such as a side lobe increase caused by tissue motion and frame rate loss due to its requirement of 2 transmissions. Golay coded excitation is sensitive to tissue motion. As the center frequency of the transducer increases, the pulse width of a single code becomes shorter, so sameness of the tissue motion distance becomes more important than in the case of a lower center frequency. Thus, for Golay coded excitation at a higher center frequency, it becomes more sensitive to tissue motion. In Figure 3 , it can be observed that the range side lobe level increases to -45 dB at a 1-cm/s axial tissue motion velocity. Fortunately in ocular imaging, the tissue velocities induced by eyeball motion in dynamic imaging are usually on the order of 1 cm/s, so the effect of tissue motion is acceptable.
In scanners with multielement array transducers, use of orthogonal Golay codes will compensate for the loss of the frame rate. 19, 20 For single-crystal sector scan systems in ocular imaging, the depth of detection is commonly no more than 5 cm, only one fourth that of conventional abdominal scanning. At a 70-microsecond interval between each excitation and 256 scan lines in each frame, the potential frame rate with Golay coded excitation is about 27 frames per second, which is sufficiently high for ophthalmic sonography. In our system with a single-crystal transducer, the frame rate is mainly restricted by the mechanical scanning rate, and the frame rate in coded excitation imaging is the same as in pulse excitation imaging. The problem of frame rate loss would not be important in ophthalmic sonographic imaging. Considering the excellence in range side lobe cancellation and the easiness in implementation, we chose the Golay sequence in this study.
Pulse Width Selection
Using a base sequence modulated Golay sequence will reduce the influence of attenuation, nonlinear propagation, and mismatch of the spectrum with the transducer. The base sequence used in this study was a 1-cycle length. Longer base sequences may be better in spectrum matching and may be more robust but will harm the axial resolution; thus, they were not considered in this study.
Ideally, there is an optimal parameter of pulse width for different cases (Figure 2 ). However, in practice, it is difficult to design an "optimal" pulse with an arbitrary width. The pulse width is usually constrained by the system clock. A tradeoff between the transmit efficiency in theory and ease of use in practice has to be made. One can select a proper pulse width, which is close to the theoretically optimal one but easier to attain, on the basis of integration of the system clock. In our system, a 40-MHz system clock (25 nanoseconds/cycle) is used, so the pulse width is chosen to be 100 nanoseconds, which is very close to the theoretically optimal value of 90 nanoseconds. Because the selected pulse width is very close to the optimal one, as seen in Figure 2 , the transmit efficiency remains high in use.
Code Length
A longer code sequence provides higher SNR gain. However, a longer sequence results in a longer dead zone. In the case of a single-crystal probe, the dead zone is comparatively larger than in a multielement array probe because of the oil cavity in the probe; also, the duration of the code sequence is shorter in high-frequency sonography. Thus, the increase of the dead zone caused by a long excitation sequence is negligible in our system. The choice of code length in our system is limited only by the FPGA resource and safety criteria.
Safety of Transmit Power
The motivation for using the coded excitation scheme is to increase the SNR of the echo signal by increasing the average acoustic power. Of course, this increase should not exceed the safety requirements of the acoustic power exposure. Theoretically, only time-average intensity is increased in coded excitation. As mentioned above, the average acoustic power transmitted is far below the maximum value allowed, and the extent of the increase is approximately directly proportional to the code length N. Choosing an appropriate code length will ensure the acoustic power under the safety criteria. In our experiment, the excitation voltage in coded excitation was halved compared with a conventional pulse excitation system. In fact, more experiments show that, even when the excitation voltage is lowered to only one fourth to one fifth of the pulse excitation system, the images of the coded excitation system are still superior to those of the conventional system.
Conclusions
An ophthalmic sonographic imaging system using Golay coded excitation is implemented with an FPGA used in signal processing and realtime coded excitation imaging. The system is highly integrated and low in cost. Simulation and imaging results show the effectiveness of the vitreous enhancement procedure based on coded excitation. Coded excitation can boost weak echoes while suppressing the noise level, thus appreciably enhancing the contrast resolution of the vitreous body in coded excitation images. This system will be useful in the diagnosis of vitreous and retinal diseases.
